Background: Respiratory syncytial virus (RSV) causes frequent nosocomial outbreaks in general pediatric wards but is less commonly reported in neonatal intensive care units (NICUs). We investigated an outbreak of RSV infection in a NICU and its impact on health care delivery, outcomes and costs. Methods: Retrospective chart review was performed after an RSV outbreak occurred in the NICU. A case was defined as an infant with a nasopharyngeal aspirate positive for RSV by viral culture. Nucleotide sequencing of the isolates was done to determine relatedness. Hospital bills for all RSV culture-positive infants were reviewed. Results: Nine infants (mean age, 34 days; mean birth weight, 1757 g; and mean estimated gestational age 31 weeks and 5 days) were infected with RSV subgroup B during this outbreak. By nucleotide sequencing, the isolates were identical. Clinical manifestations included cough, congestion, increased oxygen requirement, apnea and respiratory failure. The 5 infants requiring intubation had a significantly lower mean birth weight (1301 g versus 2328 g, P ϭ 0.027), mean estimated gestational age (28 weeks and 5 days versus 35 weeks and 2 days, P ϭ 0.014) and mean weight at onset of symptoms (2093 g versus 2989 g, P ϭ 0.049) than the 4 nonintubated infants. More than 1.15 million dollars in hospital charges were attributable to the outbreak. All infants survived. Conclusion: Infants in a NICU who develop cough, congestion or apnea should be tested for RSV and other common respiratory viruses during the winter respiratory season. Even in a closed NICU, nosocomial outbreaks of these viruses can occur and have a major effect on healthcare delivery, costs and outcomes.
N osocomial outbreaks of respiratory syncytial virus (RSV) infection in general pediatric wards have been reported, [1] [2] [3] but RSV outbreaks in neonatal intensive care unit (NICU) settings are uncommon or underrecognized.
1,2,4 -12 Previous reports of RSV infection outbreaks in the NICU have described varying degrees of disease severity 1,2,4 -11 but have not controlled for the presence of different virus strains with possibly different virulence.
This report of an outbreak of RSV infection in the NICU is the first to determine whether infants were infected with identical RSV subgroups by nucleotide sequence analysis to compare the severity and impact of disease among these infants. We also investigated the morbidity and outcomes associated with the RSV outbreak in our NICU and the economic burden attributable to this outbreak.
MATERIALS AND METHODS
Nursery Design. The NICU is a level III facility composed of 7 rooms with a total of 56 beds (19 Staffing Personnel and Visiting Policy. Between 25 and 27 nurses on each of 2 shifts per day care for infants account for nurse-infant ratios from 1:1 to 1:3 depending on the needs of the individual neonates. During this outbreak, a full complement of nursing staff was available. Other individuals spending substantial amounts of time in the nursery include the primary medical team (7-8 residents, 2 attending physicians, 2 nurse practitioners and 2 NICU fellows), respiratory therapists, housekeeping personnel, medical and surgical consultants and other support staff. The visiting policy at the time of outbreak allowed sibling visits if they were 3 years of age and older. RSV Antigen Detection and Culture. Nasal wash specimens were collected by trained nurses, placed on ice and sent directly to the Clinical Diagnostic Virology Laboratory. RSV antigen was detected by enzyme immunoassay (Directigen; Becton Dickinson). One aliquot of each specimen was inoculated in duplicate onto primary rhesus monkey kidney cells and HEp-2 cells. The cell cultures were examined every other day for cytopathic effect. Cultures that displayed cytopathic effect were harvested; cells were fixed onto glass slides and stained with a commercial immunofluorescent RSV-specific antibody (Chemicon) to confirm the presence of the virus.
Isolates were subgrouped with an immunofluorescent assay with subtype-specific monoclonal antibodies (Chemicon). Aliquots of each culture positive for RSV were frozen at Ϫ70°C for subsequent genetic sequencing. Sequence Analysis. RNA was extracted from culture supernatants with a commercial kit (QIAMP Viral RNA; Qiagen). Reverse transcription-polymerase chain reaction were performed with a single tube reaction (Omniscript RT-PCR; Qiagen). Primers amplified a 219-nucleotide fragment of the nucleocapsid (N) gene of RSV which was previously used for phylogenetic analysis of multiple field strains of RSV. 13 Polymerase chain reaction products were cloned into a commercial vector (pGEM; Promega), and the sequence of both strands was determined on an ABI 377 instrument in the DNA Sequencing Core. Sequences were aligned according to ClustalW alignment in the MacVector package (Accelrys). Clinical Data Collection. A case was defined as any infant with a nasopharyngeal aspirate positive for RSV by viral culture who was present in the NICU during the 20 days of investigation from January 27, 2002 (day 1; the date when the index infant became symptomatic) through February 16, 2002 (day 20; 8 days after the last positive RSV culture and day of last aspirate sent to the virology laboratory). All tests positive by RSV antigen detection were confirmed by culture.
A chart review of all RSV-infected infants was done for the following demographic and clinical data: gestational age; date of birth; gender; birth weight; weight at the onset of symptoms; admission and discharge dates; readmission date; estimated gestational age at birth and at onset of symptoms; date of symptom(s) onset; date of RSV antigen and/or culture-positive; oxygen requirement; date of intubation and number of days intubated; fever or temperature instability; cough; apnea; bradycardia; nasal congestion; bacterial cultures obtained, antimicrobials used, comorbid illnesses, location in the nursery and the administration of blood transfusions or surfactant. Control Measures. Control measures included: viral screening by RSV antigen tests and culture of all infants in the nursery to identify infected infants; segregating infected neonates in a separate room; contact precautions (gown and gloves) for infected infants; reemphasizing strict hand washing before and after direct infant care; and administration of palivizumab to all infants in the NICU who were not infected with RSV. The visiting policy was changed to allow visits only by those 13 years of age and older. Visitors and staff with respiratory symptoms were not permitted in the NICU. Because RSV shedding can range from 1 to 21 days, 14 infants who were RSV-positive were separated from noninfected infants for 3 weeks. The NICU was closed to new admissions with the exception of emergencies for 21 days. All new admissions were placed in a room that had not been occupied by infected infants. Infants who developed acute respiratory symptoms but were RSV-negative were also separated from the other infants for 8 days. Hospital Charges. Hospital bills for all RSV culture-positive infants were reviewed. Total hospital charges, including physician charges, were calculated before and after the RSV outbreak and RSV-associated illness for each infant. The first day of charges attributed to the outbreak began when the infant's signs of respiratory symptoms were first documented. All of these infants had been judged to be nearing discharge from the hospital before acquiring RSV infection. For the 2 infants who had been previously discharged, we used the total of their charges for the second hospitalization. Statistical Analysis. The Wilcoxon rank sum test was used to compare variables between intubated and nonintubated infants. The data were analyzed using Stata version 7 (Stata, College Station, TX).
The study was approved by the University Medical Center Institutional Review Board.
RESULTS

Characteristics of RSV-Infected Infants.
Nine infants in the NICU (infants A-I) during the 20 days of investigation were infected with RSV. Day 1 of the outbreak was defined as the time the first infant (infant A) developed signs of respiratory disease as documented in his medical chart. It was not until day 9 of the outbreak, however, that RSV and other viral causes were tested for in the NICU. That same day, the results of the rapid antigen test revealed the diagnosis of 2 RSVinfected infants. Meanwhile 2 of the infants who were present in the NICU the first few days of the outbreak had been discharged. These same infants (infants B and G) were later readmitted to the pediatric intensive care unit and pediatric ward on days 7 and 9, respectively, both with positive RSV cultures. This left 7 of the 9 RSV-infected infants in the NICU during the remaining 12 days of the investigation.
The mean age of the 9 infected infants was 34 days with a mean birth weight of 1757 g, a mean estimated gestational age (EGA) of 31 5/8 weeks, a mean weight at onset of symptoms of 2491 g and a mean EGA at onset of symptoms of 37 weeks ( Table 1) . Five of the infants were female. Seven of the infants were white, 1 was black and 1 was Hispanic.
Severity of symptoms ranged from cough and congestion to increased oxygen requirement, apnea and respiratory failure (Table 1) . No infant had fever, but 2 infants had temperature instability. The 5 infants requiring intubation had a significantly lower mean birth weight (1301 g versus 2328 g, P ϭ 0.027), mean EGA (28 5/7 versus 35 2/7 weeks, P ϭ 0.014) and mean weight at onset of symptoms (2093 g versus 2989 g, P ϭ 0.049) than the 4 nonintubated infants (Table 2 ). No statistical difference in mean age or EGA at onset of symptoms between the intubated and nonintubated groups was noted. All of the RSV-infected infants survived.
The mean number of days on the ventilator was 12.2 days (range, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The most severely affected infant (infant C) required extracorporeal membrane oxygenation (ECMO) for 9 days. Three of the intubated infants and 2 of the nonintubated infants had blood transfusions before the outbreak. Two of the intubated and 1 of the nonintubated infants had a single dose of surfactant before the outbreak. Blood cultures for bacterial pathogens were negative for all infants during their RSV-associated illness.
Seven of the infants tested positive for RSV by antigen detection and viral cultures, and 2 infants had positive viral cultures only. All RSV isolates were subgroup B. Nucleotide sequence analysis of the N gene of all 9 viral isolates revealed
RSV Outbreak in NICU they were genetically identical. No other viruses were isolated by culture. All infants infected with RSV were in open bassinets and had been deemed clinically stable before RSV infection. All of the infants, except infant C, were on room air before RSV infection. Infant C was a 69-day-old former 27-week premature infant with chronic lung disease receiving 50 mL/min oxygen with the intention of being discharged home soon. All infants had been located in the same room near each other's bassinets at some point during the outbreak. Control Measures. It was not until day 9 of the outbreak that the first 2 infants (A and F) were identified with RSV infection. The following infants were then identified on day 10 (infant C), day 11 (infants D, H and I) and day 14 (infant E) by either a positive rapid antigen test confirmed by culture or a positive culture only. As part of the inpatient screening of all infants, a total of 87 nasopharyngeal aspirates for viral culture from 56 infants remaining in NICU were obtained during days 9 -20 of the outbreak. No new RSV cases were identified during days 15-20 of the outbreak. All infected or symptomatic infants were separated from noninfected infants into the small intermediate or intermediate room during the outbreak. In addition to viral culture and rapid antigen surveillance, the remaining 49 infants also received palivizumab. No health care personnel were symptomatic, and none were tested for RSV. Charges Associated with RSV Infection. Hospital charges related to the RSV outbreak totaled more than 1.15 million dollars. The majority of the charges (94%) were from the 5 intubated infants. For the intubated infants, the RSV-associated illness represented 34% of their total hospital charges. In addition to hospital charges, other expenses included: closure of the NICU to incoming admissions and diversion of infants to other regional NICUs; surveillance viral cultures (73 cultures for a total of $20,075) and RSV rapid antigen tests (87 tests for a total of $11,832) that were obtained from all infants in the NICU; as well as the administration of prophylactic palivizumab to the other 49 exposed infants in the NICU ($131,609, based on a 1-time 15 mg/kg dose per infant). Thus the minimum total health care charges directly attributable to the RSV outbreak were Ͼ1.3 million dollars.
DISCUSSION
In this study, we describe the economic and medical impact of a nosocomial RSV outbreak that generated Ͼ1 million dollars in charges and prompted immediate infection control measures after the discovery of 2 RSV-infected infants in the NICU. After recognition, the attack rate of RSV infants decreased, curtailing further spread. Five of the 9 infants, who had been clinically stable from a respiratory standpoint, required intubation during their RSV infection. We found that low birth weight, lower current weight and younger EGA were risk factors significantly associated with the need for intubation when compared with infants who were not intubated. We were able to compare risk factors associated with morbidity in these neonates because they were all infected with the same RSV strain, as determined by nucleotide sequence analysis. In addition, no other viruses were isolated by culture. This was particularly important in linking 
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the discharged children who were subsequently readmitted to the pediatric wards to the outbreak and in eliminating confounding factors such as differences in virulence between different RSV subgroups (A and B) or strains. This is the first published study to address this variable. Infants who are born prematurely, without any other risk factors, are at increased risk for more severe disease when infected with RSV. [15] [16] [17] The severity increases if infants have chronic lung disease or congenital heart disease. 18 All 5 of the RSV-infected infants who were intubated had been born at Ͻ31 weeks of gestation. Infant C, the 69-day old former 27-week premature infant with chronic lung disease, was the most severely infected infant requiring ECMO. Three infants had been weaned to room air by day of life 5 and 1 by day of life 24; thus prematurity was their only risk factor. The increased severity of illness that we found in these premature infants may be related to the lack of transfer of maternal antibodies, which play a role in protection 9,12,19 -21. Furthermore the production of antibody directed at the protective antigens for RSV was lower in premature than in full term infants. 21 Other factors that contribute to increased severity in premature infants included incomplete development of the airway, damage to the airway and airway hyperreactivity. 18 Some studies have reported more severe disease and more frequent isolation of subgroup A than subgroup B strains in hospitalized infants, 22, 23 whereas others have reported the converse 24 or did not detect a difference. 25, 26 Thus it has been proposed that the severity of infection is more influenced by RSV genotype than subgroup. 26, 27 Several studies have suggested that group B strains do not grow as readily in tissue culture as group A and therefore may be underrepresented when comparing frequency of isolation. 28 All of the infants in our study were infected with the same subgroup B strain, with 5 of 9 requiring intubation and 1 of the infants requiring ECMO support. These findings support the observation that RSV subgroup B can be associated with severe disease.
Similar to other reported outbreaks, there was a delay (9 days after onset of signs of respiratory disease) in suspecting RSV in the NICU. 12 Several reasons for this delay can be proposed. Neonates infected with RSV present with nonspecific symptoms such as apnea, bradycardia and an increased oxygen requirement, which can mimic many other illnesses including bacterial infections. 29 -31 All of these infants were inborn or transferred from an outside hospital at birth, which lowered suspicion for a community-derived viral illness. The onset of cough, which is unusual in a NICU setting, prompted appropriate tests to diagnose a viral respiratory infection. We hypothesize that RSV was easily spread among these infants during days 0 -8 of the outbreak because the patients were all in open basinets, close by each other, and contact precautions were not instituted. Once the RSV outbreak was identified on day 9, however, infection control procedures were implemented immediately, and no new infants were infected after day 14 of the outbreak. Although health care workers were not screened for asymptomatic infection with RSV, the institution of strict contact precautions would likely have prevented nosocomial transmission from asymptomatic personnel.
In each of the 2 seasons since the outbreak we describe, RSV has been detected in the NICU, but with heightened awareness it was recognized early and no more than 3 cases occurred. Because of repeated yearly infections, we speculate that introduction of RSV in the NICU may be underrecognized and that widespread awareness and testing for RSV and other respiratory viruses are needed during peak respiratory seasons. Careful screening of staff and visitors, particularly children, for respiratory symptoms before entry into the nursery is another critical infection control measure. It was speculated, but not proved, that the introduction of RSV in the outbreak we describe was from a sibling of infant A. Routine infection control policies in the NICU including strict hand washing, individual patient equipment such as stethoscopes and exclusion of visitors with respiratory symptoms are generally adequate. However, the institution of more stringent contact precautions as described was critical in interrupting the transmission of RSV. Hence we believe the key to outbreak control is early detection of RSV and strict infection control.
There are limitations to our study. Although a thorough effort was made to track all infants who were discharged from the NICU during the 20 days of investigation, we may have missed a former nursery baby who was admitted to a local hospital other than Vanderbilt. This is unlikely as there is close communication and feedback from other hospitals about recently discharged NICU patients, and Ͼ95% of children in the region are admitted to Vanderbilt Children's Hospital. 32 The sample size was relatively small and might not have been able to detect differences in mean EGA at the onset of symptoms or other risk factors that might contribute to the severity of disease. Although no other viruses were isolated by viral culture or detected by rapid antigen for influenza, some of the infants could have been infected with other viral pathogens that are not easily detected by culture.
The RSV outbreak had a major impact on the health care-associated financial burden and resource utilization. All of the infants were considered stable from a respiratory standpoint and were close to discharge from the hospital before acquiring RSV infection. The ongoing care required by the RSV outbreak, particularly the 5 infants who required intubation, resulted in Ͼ1 million dollars of additional hospital charges. This emphasizes that nosocomial RSV outbreaks, especially in a NICU setting, have both medical and financial consequences. Early detection of nosocomial RSV outbreaks and institution of strict infection control measures could significantly alleviate these costs. Even though palivizumab was used, there is no evidence to support its use in an outbreak, and further studies of the role of immunoprophylaxis in nosocomial RSV outbreaks are warranted.
During peak RSV season, even neonates who have never left the hospital who experience cough, congestion or apnea should be screened for RSV and other common respiratory viruses. Extremely premature and lower birth weight infants are at highest risk regardless of their current postnatal age. Once a case is identified, it is important to screen all infants in the NICU, separate all symptomatic and infected infants and impose strict infection control measures.
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